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Available online 10 November 2015AbstractThis study used the finite element method (FEM) to analyze the stress field and seepage field of a roller-compacted concrete (RCC) dam, with
an upstream impervious layer constructed with different types of concrete materials, including three-graded RCC, two-graded RCC, conven-
tional vibrated concrete (CVC), and grout-enriched vibrated RCC (GEVR), corresponding to the design schemes S1 through S4. It also evaluated
the anti-seepage performance of the imperious layer in the four design schemes under the normal water level and flood-check level. Stress field
analysis of a retaining section and discharge section shows that the maximum tensile stress occurs near the dam heel, the maximum compressive
stress occurs near the dam toe, and the stress distributions in the four schemes can satisfy the stress control criteria. Seepage field analysis shows
that the uplift pressure heads in schemes S3 and S4 descend rapidly in the anti-seepage region, and that the calculated results of daily seepage
flow under the steady seepage condition in these two schemes are about 30%e50% lower than those in the other two schemes, demonstrating
that CVC and GEVR show better anti-seepage performance. The results provide essential parameters such as the uplift pressure head and
seepage flow for physical model tests and anti-seepage structure selection in RCC dams.
© 2015 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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A roller-compacted concrete (RCC) dam is constructed
with the roller-compacted placement method in thin layers of
dry lean concrete, composed of mixed sand aggregate and
cement (USACE, 1992). Its construction process is much
simpler and faster than that of a conventional concrete dam
(Yang and Shi, 2010). At present, 450 RCC dams over 30 m
are operating in over 30 countries (Hansen, 1997; Nagayama
and Jikan, 2003; Jia, 2007). However, some RCC dams haveThis work was supported by the National Basic Research Program of
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dation of China (Grants No. 51321065 and 51209159).
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creativecommons.org/licenses/by-nc-nd/4.0/).shown serious seepage problems, such as the Willow Creek
RCC Gravity Dam, with a height of 56 m, which was built in
1982 in the USA (HWSTI, 1987), and the Xibing RCC
Gravity Dam, with a height of 63.5 m, which was built in 1985
in China (Ye et al., 2005).
Although the permeability of RCC is very low and com-
parable to conventional concrete, the seepage features of an
RCC dam is different from those of a conventional concrete
dam (Banthia et al., 1992; Chai et al., 2005). Rolling and
compacting dry lean concrete layer by layer causes the
permeability of construction interfaces and joints to be rela-
tively high, and seepage channels may even form in the dam
body. In order to overcome this problem, an upstream
impervious structure must be properly designed and con-
structed (Hong et al., 2014). A variety of impervious structures
have been used in RCC dams around the world. For example,
some RCC dams were constructed with waterproofThis is an open access article under the CC BY-NC-ND license (http://
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conventional vibrated concrete (CVC), used as an impervious
layer, with a thickness of 2e3 m, has typically been poured on
the upstream face of an RCC dam (Nagayama and Jikan,
2003). Polyvinyl chloride films were used in the Trigomil
Dam in Mexico and in the Copperfield Dam in Australia
(Jansen, 1989). Grout-enriched vibrated RCC (GEVR) has
been widely used in anti-seepage structures in RCC dams in
China (Sun et al., 2004).
Based on design functions, such as seepage control, crack
resistance, and frost resistance, a gravity dam body can be
partitioned into different parts (Zhou and Dang, 2011), as
shown in Fig. 1.
The finite element method (FEM) is currently used to
simulate complex geometrical shapes and boundary condi-
tions, and two-dimensional (2D) or three-dimensional (3D)
models are used to analyze the thermal stress and cracks in
concrete dams. Luna and Wu (2000) developed a 3D finite
element program to simulate the temperature and stress
changes in the construction process of an RCC gravity dam.
Chen et al. (2003) conducted a 3D thermal stress analysis of a
high RCC dam and predicted the internal temperature distri-
bution of the dam body. Bayagoob et al. (2010) performed a
thermal stress analysis of an RCC arch dam by taking into
account the construction sequence, environmental temperature
change, and wind speed. Gaspar et al. (2014) modeled the
temperature field of an RCC gravity dam based on FEM
simulation. Some studies have been performed focusing on
cracking analysis. Cervera et al. (2000) assessed the risk of
tensile cracking through numerical simulation of the con-
struction process of an RCC dam. Li et al. (2010) used a
nonlinear FEM to obtain the crack length of the foundation
surface of a gravity dam. Cao et al. (2012) simulated thermal
cracks in a concrete overflow dam using the 3D FEM. Zhang
et al. (2013) conducted a seismic cracking analysis of a con-
crete gravity dam based on an extended FEM. However,
research on numerical analysis of the impervious layer in anFig. 1. Typical parts in RCRCC dam is limited. Chai et al. (2005) proposed a mathe-
matical model for analysis of coupled seepage and stress fields
in RCC dams. Xie and Chen (2005) used a 3D finite element
relocating mesh method to simulate the temperature field of
impervious layers of different thicknesses, constructed with
different materials, in an RCC dam.
In practice, there are some limitations in the design scheme
of an upstream impervious layer determined by model ex-
periments or analogies. The numerical simulation analysis
method can help contrast and evaluate design schemes. The
purpose of this research is to compute and evaluate the stress
and seepage fields of different anti-seepage designs in an RCC
dam. It covers the following issues: (1) analysis of concrete
materials used in four different anti-seepage design schemes,
(2) stress field analysis of the four schemes, and (3) evaluation
of the anti-seepage effect of the four schemes.
2. Anti-seepage design schemes of RCC dam
The Huangdeng RCC Gravity Dam, currently under con-
struction and located on the Lancang River in Southwest
China, was selected as a case study. Its maximum height is
203 m, and the crest length is 464 m. The dam body is divided
into 20 sections, as shown in Fig. 2, of which sections 1
through 7 and sections 12 through 15 are the retaining sec-
tions; sections 8 and 11 are designed for flood discharge, with
an outlet at the bottom in each section; sections 9 and 10 are
also discharge sections; and sections 16 through 20 are the
water intake sections.
Four anti-seepage design schemes were studied for the
project, as shown in Table 1. The concrete materials used in
parts I, IV, V, and VI, were the same for each of the schemes,
with the main difference lying in the concrete materials used
in parts II and III. There was no special design for the
impervious layer in scheme S1, and three-graded RCC were
used in parts II and III. The impervious layer was specially
designed in schemes S2, S3, and S4, in which two-gradedC gravity dam body.
Fig. 2. Huangdeng RCC Gravity Dam.
Table 1
Four anti-seepage design schemes using different concrete materials
Scheme Material for different parts
I II III IV V VI
S1 Three-graded CVC
(C9020W8F100)
Three-graded RCC
(RCC9020W6F100)
Three-graded RCC
(RCC9025W8F100)
Three-graded CVC
(C9025W12F100)
Three-graded RCC
(RCC9020W6F100)
Two-graded CVC
(C2850W8F150)
S2 Two-graded RCC
(RCC9020W10F150)
Two-graded RCC
(RCC9025W12F150)
S3 Three-graded CVC
(C9025W10F200)
Two-graded CVC
(C2825W8F100)
S4 Two-graded GEVR
(C9025W12F150)
Two-graded GEVR
(C9025W12F150)
Table 2
Parameters of different concrete materials
Material Elasticity modulus
(1010 Pa)
Poisson ratio Permeability coefficient in
normal direction (cm/s)
Permeability coefficient in
tangential direction (cm/s)
Permeability coefficient
of dam body (cm/s)
C9020W8F100 2.55 0.167 1.00  1010 1.00  1010 1.00  1010
C9025W10F200 2.80 0.167 1.00  1010 1.00  1010 1.00  1010
C9025W12F100 2.80 0.167 1.00  1010 1.00  1010 1.00  1010
C2850W8F150 3.40 0.167 1.00  1010 1.00  1010 1.00  1010
C2825W8F100 2.30 0.200 1.00  1010 1.00  1010 1.00  1010
RCC9025W8F100 3.10 0.200 1.00  109 1.78  107 1.00  109
RCC9020W6F100 2.70 0.200 1.00  109 1.78  107 1.00  109
RCC9025W12F150 2.80 0.200 1.00  109 2.25  108 1.00  109
RCC9020W10F150 2.50 0.200 1.00  109 2.25  108 1.00  109
C9025W12F150* 2.80 0.200 1.00  109 1.00  109 1.00  109
Foundation rock 2.20 0.250 1.00  106 1.00  106 1.00  106
Note: * means two-graded GEVR.
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eters of different materials are listed in Table 2.
In order to evaluate the anti-seepage performance of the
impervious layer in these design schemes, a typical retaining
section (section 5) with a maximum height of 110 m and a
discharge section (section 8) with a maximum height of
200 m were selected for stress and seepage analyses with
FEM.
3. Finite element simulation method3.1. Simulation of dam stress fieldA gravity dam maintains its stability relying on its body
weight, with a balance reached between the compressive stressinduced by its weight and the tensile stress induced by the
water pressure at the heel. It is important that the tensile stress
meets the following requirements: (1) the distribution area of
the first principal tensile stress s1 in the foundation does not
exceed the center line of the curtain; or (2) the total length of
the tensile stress zone at the dam heel and toe does not exceed
10% of the bottom width of the dam (Zhou and Dang, 2011;
Zhou and Chang, 2002).
FEM is used under three basic assumptions (Rombach,
2011): (1) cracking may occur in the x, y, and z directions;
(2) if cracking occurs, the smeared crack model, a plastic
concrete model, will be used; and (3) concrete is initially
isotropic.
The stress constitutive equation is constructed as a multi-
linear kinematic hardening plasticity model:
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where sc and εc are the compressive stress and strain of an
element, respectively; fc is the peak pressure; and ε0 and εcu
are the peak strain and ultimate compressive strain,
respectively.
The displacement equation of an element is obtained
through the generalized Hooke law and the virtual work
principle as follows:
ue ¼ Nd ð2Þ
where ue is the elementary displacement vector, N is the shape
function matrix, and d is the nodal displacement matrix.
Any node of an element is subject to two forces: the in-
ternal load induced by element deformation and the external
load. They are balanced if the composite force is zero.
Therefore, the total equilibrium equation can be formulated as
follows:
Kd¼ P ð3Þ
where K is the global stiffness matrix, and P is the global
nodal force matrix.
Eq. (3) can be solved with the matrix inversion method, and
the nodal displacement matrix is K1P. The strain and stress at
each element can be obtained by
ε¼ Bd s¼ Dε F¼ kd ð4Þ
where B is the elementary strain matrix, D is the elementary
elasticity modulus matrix, F is the elementary force matrix, k
is the elementary stiffness matrix, and s and ε are the
elementary stress and strain vectors, respectively.3.2. Simulation of dam seepage fieldSeepage flow can be simulated using ANSYS (ANSYS
Inc., 2009). The goal is to determine the free surface of a
seepage field and a seepage channel by solving the water head
function. Seepage analysis of RCC materials is based on
Darcy's law (Freeze, 1994):
v¼ QS
A
¼ksdh
dl
¼ ksJ ð5Þ
where v is the average velocity, QS is the seepage flow, A is the
cross-sectional area, ks is the permeability coefficient, h is the
piezometric head, l is the seepage path length, and J is the
seepage gradient.
The differential equation of a steady seepage field is
v
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¼ 0 ð6Þwhere ksx, ksy, and ksz are the permeability coefficients in the x,
y, and z directions.
The boundary conditions are as follows:8><
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where G1 and G2 are the initially known boundaries for water
head and flow analysis, respectively; f1(x,y,z) is the initial
water head boundary condition at boundary G1; ksn is the
permeability coefficient in the normal direction of boundary
G2; and f2(x,y,z) is the initial flow boundary condition at
boundary G2.
The computation is performed using the birth-death
element technology and the self-adaptive mesh technique in
ANSYS. The water head of a free surface is equal to the at-
mospheric pressure. Thus, the elements below the free surface
are killed, and the elements above the free surface are acti-
vated. The birth or death features of elements are adjusted and
recalculated until the expected accuracy is satisfied.
4. Results and discussion4.1. Finite element model under loading conditionThe 3D finite element model of the dam is shown in Fig. 3.
The meshes of the dam foundation were generated through
uniform mapping. The meshes were divided using the
sweeping method in the regular parts of the dam body, and free
meshing was used in the irregular dam parts, including the
non-overflow dam section with high varying rates of curvature.
In addition, sparse meshes were used in the parts with low
stress, such as the upper part of the dam and the part near the
dam foundation, in order to reduce the computation time.
However, at the bottom of the dam, especially at the toe and
heel, the compressive and tensile stresses were high. Thus, the
meshes there were refined to improve the accuracy.
The main loads of the dam under two different conditions
are as follows: for the condition at the normal water level, the
loads include the gravity, hydrostatic pressure, uplift pressure,
silt pressure, wave pressure, and temperature load; for the
condition at the flood-check level, hydrodynamic pressureFig. 3. Three-dimensional mesh model.
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sections 5 and 8 are shown in Fig. 4, where different colors
refer to different materials, and lines with arrows show the
direction and distribution of the hydrostatic pressure and uplift
pressure. The hydrostatic pressure and uplift pressure are
linearly distributed along the edge of the dam, as indicated in
Fig. 4. The degrees of freedom at the bottom are determined
by the normal constraint condition. The mechanical parame-
ters of the concrete materials are obtained from field tests and
analyses (Gu et al., 2010).Fig. 4. Finite element models of retaining section 5
Fig. 5. Stress distributions in retaining section 54.2. Stress field analysisFigs. 5 and 6 show the stress distributions in sections 5 and
8 under the normal water level and flood-check level in
scheme S4, where s1 and s3 are the first and third principal
stresses, respectively. It can be found that the maximum
tensile stress occurs near the dam heel, as shown in Figs. 5(a)
and (b), and the maximum compressive stress occurs near the
dam toe, as shown in Figs. 5(c) and (d). The stress results of
retaining section 5 and discharge section 8 in the fourand discharge section 8 under loading condition.
under different water levels in scheme S4.
Fig. 6. Stress distributions in discharge section 8 under different water levels in scheme S4.
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are listed in Tables 3 and 4, respectively, where s1tp and s3tp
are the maximum values of the first and third principal tensile
stresses, respectively, s1cp and s3cp are maximum values ofTable 3
Stress results of retaining section 5 in different schemes.
Water level Scheme s1tp (MPa) s3tp (MPa) Tensile s
Normal water level S1 3.60 0.63 5.57
S2 3.60 0.64 5.35
S3 3.60 0.66 5.57
S4 3.59 0.62 5.98
Flood-check level S1 4.59 1.14 5.88
S2 4.59 1.15 5.39
S3 4.60 1.16 5.88
S4 4.57 1.12 6.03
Table 4
Stress results of discharge section 8 in different schemes.
Water level Scheme s1tp (MPa) s3tp (MPa) Tensile s
Normal water level S1 21.50 0.60 11.58
S2 22.30 0.67 11.07
S3 22.00 0.60 10.50
S4 22.70 0.61 12.35
Flood-check level S1 24.90 0.65 11.30
S2 25.70 0.72 10.87
S3 26.20 0.66 12.58
S4 25.30 0.65 9.87the first and third principal compressive stresses, respectively,
and the width ratio is the ratio of the total length of the tensile
stress zone to the bottom width of the dam. From Tables 3
and 4, we can see that the maximum values in differenttress zone width (m) Width ratio (%) s1cp (MPa) s3cp (MPa)
6.2 0.76 4.40
6.0 0.76 4.43
6.2 0.76 4.42
6.7 0.77 4.46
6.6 0.84 4.43
6.0 0.84 4.43
6.6 0.84 4.43
6.8 0.85 4.44
tress zone width (m) Width ratio (%) s1cp (MPa) s3cp (MPa)
7.2 2.06 58.40
6.9 2.09 59.90
6.5 2.06 58.30
7.7 2.10 59.90
7.0 2.12 59.90
6.7 2.14 61.40
7.8 2.15 61.40
6.1 2.11 59.80
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these maximum values spread across a reasonable range ac-
cording to engineering practice. Compared with the results
under the normal water level, the stress distributions under
the flood-check level are similar but with higher values, as
expected due to higher loads induced by higher water levels.
The width ratios in Tables 3 and 4 show that the stress dis-
tributions in the four schemes can meet the stress control
criteria given in Section 3.1. The stress results provide a basis
for seepage analysis.4.3. Seepage field analysisSince the results under the normal water level and flood-
check level are similar, the following analysis focuses on the
results under the normal water level. The water head distribu-
tions in retaining section 5 and discharge section 8 under the
steady seepage condition are shown in Figs. 7 and 8, respec-
tively. The uplift pressure head variations in two typical cutting
planes in the four schemes are compared, as shown in Fig. 9,
where the horizontal axis means the distance from the upstream
side along the transverse direction of the dam foundation.
Without a special design of the impervious layer in scheme
S1, the attenuation of water head along the transverse direction
of the dam foundation is slow and linear, as shown inFig. 7. Water head distributions in retaining sectionFigs. 7(a) and 9. With seepage flow penetrating in the direction
perpendicular to the equipotential line, water permeates the
dam body, which may cause hydraulic fractures. Figs. 7 and 8
show that the water head distributions in schemes S3 and S4
are almost the same, and the water head descends rapidly in
the impervious layer in schemes S2 through S4. Compared
with the impervious layer in scheme S1, the specially designed
impervious layers in schemes S2 through S4 can experience
higher water pressure, while the dam body suffers lower water
head. In addition, the water head contour trend from S1 to S4
indicates that the direction of seepage flow will change from
the direction parallel to the dam foundation to that perpen-
dicular to the dam foundation, which is beneficial to dam
safety. Considering that potential seepage channels occur
when two-graded RCC is used in the impervious layer, CVC
or GEVR is more suitable for upstream anti-seepage
structures.
The computed daily seepage flows through retaining sec-
tion 5 and discharge section 8 in the four schemes under the
normal water level are listed in Table 5. The rate of seepage
flow in scheme S1 is greater than those in the other three
schemes, and the values in schemes S3 and S4 are very close
and even lower than that in section S2, indicating that schemes
S3 and S4 are more suitable for the upstream anti-seepage
structure.5 under normal water level in different schemes.
Fig. 9. Comparison of uplift pressure head curves in four schemes for
retaining section 5 and discharge section 8.
Fig. 8. Water head distributions in discharge section 8 under normal water level in different schemes.
Table 5
Comparison of seepage flows through retaining section 5 and discharge section
8 under normal water level in four schemes.
Scheme Rate of seepage flow (m3/d)
Retaining section 5 Discharge section 8
S1 1.10 0.69
S2 0.73 0.51
S3 0.55 0.34
S4 0.56 0.35
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Based on the concrete partitioning of a gravity dam, four
schemes for the impervious layer in an RCC dam were
designed using different concrete materials, which are three-
graded RCC and two-graded RCC, CVC, and GEVR,
respectively.
Three-dimensional FEM was used to compute the stress
and seepage fields of two typical dam sections under complex
conditions, including one retaining section and one discharge
section. The results of the stress field analysis under the
normal water level and flood-check level show that the
maximum tensile stress occurs near the dam heel, the
maximum compressive stress occurs near the dam toe, and
the stress distributions in the four design schemes can meet
the stress control criteria of an RCC dam. However, according
to the results of the water head distributions and seepage
flows under the steady seepage condition, the impervious
334 Ming-chao Li et al. / Water Science and Engineering 2015, 8(4): 326e334layer built with three-graded RCC shows a poor seepage
control effect. The two-graded RCC layer can improve the
anti-seepage performance but seepage channels may develop.
The CVC and GEVR impervious layers show a better per-
formance with rapidly descending water heads in the anti-
seepage region and lower rates of seepage flow. They are
suitable for the upstream anti-seepage structure in an RCC
dam. The results can provide useful information for selecting
anti-seepage structures in RCC dams and for calibrating re-
sults from physical models.
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